Pathological examination is the only way to directly confirm drug efficacy and toxicity through the observation of tissue specimens in both clinical and nonclinical situations^[@r1]^. Development of new drugs often fails due to drug toxicity, despite a potentially high efficacy. Conversely, when no abnormality on pathological investigation is observed, it is possible to approve a new drug with confidence.

Pathological evaluation of tissue specimens is of utmost importance, but it is usually performed qualitatively or semiquantitatively by pathologists^[@r2],[@r3]^. Bias in the evaluation can occur between individuals and between facilities, and a pathological evaluation requires a great deal of time. Furthermore, pathological and morphological analyses require special expertise, so researchers without pathological knowledge can have trouble interpreting the data. One solution to these problems is to quantify the morphological changes of pathological tissue automatically, leading to improvement of objectivity, reliability, and robustness. Automatic quantification will also lead to a reduction in time and increased data.

Quantification of histopathological changes using morphometry has been performed for some time. In the 1990's, pathological images were digitized, and the histopathological changes were measured by image analysis software as an accurate numeric value^[@r4],[@r5]^. With the development of information technology, digital pathology has also developed, and whole slide images are easily acquired using a virtual slide scanner. Image processing software can analyze more complex tissue images. Recently, histopathological changes were analyzed in detail by image analysis software equipped with machine learning^[@r6]^ and a programmed tool^[@r7],[@r8]^. Automated diagnostic software for some cancer tissues is being developed for clinical applications.

We have been trying to recognize and quantify various types of histopathological findings and have pursued quantification of morphometric changes of pathological specimens. In this report, we introduce these methodologies on quantification of morphometric changes of histopathological images stained with hematoxylin and eosin (HE), which is a conventional staining allowing for comparisons with previous specimens. We address the possibility and the limitations of analysis using existing image processing software.

In this report, we used tissue specimens that were fixed in formalin, embedded in paraffin, and stained with HE in previous experiments. Whole digital slide images were obtained using virtual microscopy (Aperio AT2, Leica Microsystems, Wetzlar, Germany). Joint Photographic Expert Group (JPEG) images were extracted using image processing software (ImageScope, ver. 12.0.0.5039, Leica Microsystems). Tissue Studio (ver. 4.2.0, Definiens, Munich, Germany) and Image-Pro Plus (ver. 7.0.1.658, Media Cybernetics, Rockville, MD, USA) were used as image analysis software.

[Table 1](#tbl_001){ref-type="table"}Table 1.Summary of the Properties of Quantification of the Various Findings Using Image Processing Software shows a summary of the properties of quantification of various findings that were examined in this study using image processing software. The detailed methodology of each examination is described beginning in the following section.

Hepatocellular hypertrophy was quantitatively analyzed based on the method of a previous report^[@r9]^ using Tissue Studio. Briefly, the nuclei of hepatocytes were detected (hematoxylin threshold, 0.08; typical nucleus size, 70 μm^2^), and the regions of the nuclei had expanded toward neighboring regions. Nuclei in sinusoids could be excluded by setting the conditions to an area \<25, length/width \>1.8, and hematoxylin intensity \>0.4. The expanded regions were defined as simulated hepatocytes, and their areas were measured. Images colored based upon cell size are shown in [Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Analysis of cell size using Tissue Studio. (A) The hepatocellular region was simulated based upon the nucleus, and then these cells were colored based upon the cell size in normal (left image) and hypertrophied (right image) hepatocytes. Yellow cell, \< 300 μm^2^; orange cell, 300--400 μm^2^; brown cell, \>400 μm^2^. Uncolored hepatocytes were not simulated because their nuclei had not appeared. Bar = 100 μm. (B) The ratios of the numbers of hepatocytes per size. (C) The ratio of the total area of hepatocytes per size. (D) Adrenocortical cells were colored based upon the cell size in the normal (left image) and hypertrophied (right image) adrenal gland. Yellow cell, \<200 μm^2^; orange cell, 200--300 μm^2^; brown cell, \>300 μm^2^. Bar = 100 μm. (E) The ratios of the numbers of adrenocortical cells per size. (F) The ratio of the total area of the adrenocortical cells per size.. The ratios of the numbers of larger cells were increased ([Fig. 1B](#fig_001){ref-type="fig"}), as were the ratios of the areas occupied by the larger cells ([Fig. 1C](#fig_001){ref-type="fig"}) in the hypertrophied hepatocytes compared with normal hepatocytes. The results of quantitative analysis of hypertrophy were usually consistent with the observations of a pathologist. Nuclei often do not appear in sections of hypertrophied hepatocytes, so not all hypertrophied hepatocytes could be simulated and evaluated. It is preferable to measure each actual hepatocyte region by detection of the cell membrane, but detection is difficult because it is difficult to recognize clearly the entire boundary of hepatocytes. A tool that can correctly recognize the boundary of the hepatocellular membrane or detect sinusoids is needed.

Hypertrophy of fascicular and reticular cells in the adrenal grand was analyzed using the same methods as used for hepatocytes. Images colored based upon cell size are shown in [Fig. 1D](#fig_001){ref-type="fig"}. The ratios of the numbers of larger cells were increased ([Fig. 1E](#fig_001){ref-type="fig"}), as were the ratios of the areas occupied by the larger cells ([Fig. 1F](#fig_001){ref-type="fig"}) in the hypertrophied adrenocortical grand compared with in a normal adrenocortical gland.

Pathologically, the spleen has red pulp, white pulp, and a marginal zone, which is the border region between the red pulp and white pulp. These regions are sensitive to the immune response caused by drugs, and pathological toxicity is often detected in them. We attempted to recognize these regions using Tissue Studio for automatic analysis. Recognition was consistent with the observations of the pathologist in some specimens, but recognition was difficult in some specimens due to variable staining intensity between specimens. We were unable to determine criteria that could be used for recognition in all images. This problem may be solved by standardization of the staining intensity in digital images.

Quantification of hepatocellular lipid deposition in a histopathological image has been already reported. Unfortunately, though the ratio of the area occupied by lipid droplets in the evaluated region was demonstrated, the sizes of lipid droplets were not always evaluated^[@r10],[@r11]^. In this experiment, we used Image-Pro Plus to measure the size of each lipid droplet in JPEG images extracted from whole slide images of the liver. Lipid vacuoles in the histopathological image were defined as circular unstained objects. The size of the lipid vacuoles in hepatocytes was measured using two optimized criteria, an area of 1--500 μm^2^ and roundness of 1--1.5 units, in order to exclude non-lipid objects including large vessels, bile ducts, and sinusoidal spaces. The results of quantification were consistent with the observations of the pathologist ([Fig. 2B](#fig_002){ref-type="fig"}Fig. 2.Analysis of a cellular vacuole using Image-Pro Plus. (A) Analyzed image of the lipid-derived vacuole. Lipid droplets (green-colored objects) were recognized by the criteria of size and roundness, and the size was measured. Vessels, the bile duct, and sinusoidal spaces were excluded. Bar = 50 μm. (B) The total area of the lipid droplet per size in the hepatocyte with various grades of lipid deposition. (C) Representative images of tissue specimens with various grades (left, center, and right images: normal, −; very slight, ± ; and slight, +, respectively) of lipid deposition. Bar = 100 μm. (D) Quantification of the area of mucin in the intestinal mucosa. Left image: original image. Right image: analyzed image of mucin in the intestinal mucosa. The outline of the intestinal mucosa was drawn manually using the AOI setting (green line) in order to exclude nonspecific objects in the outside region, and then the inside region was analyzed. The mucin (light blue-colored objects) was recognized by the criteria of size. Bar = 200 μm.). This method is very useful in the case of pathological conditions, including nonalcoholic steatohepatitis (NASH) that develops from microvesicular to macrovesicular steatosis. We have previously reported that the lipid droplet size became larger in a time-dependent manner in the NASH model^[@r12]^. In that report, the density of lipid droplets was high, and it was necessary to separate overlapping lipid droplets from one another, so several kinds of morphological image processing were performed. In this experiment, there were no overlapping lipid droplets, so advanced morphological image processing was not necessary. If the degree of overlapping lipid droplets is low, there is a method to separate them using the Watershed Sprit or Auto-Sprit command in Image-Pro Plus. The analysis method should be determined based upon the state of the vacuole, including its density. When morphological image processing is performed, it is necessary to check whether the original form of lipid droplets was unchanged. This method is applicable to other organs, unless there are unstained regions morphologically similar to the target vacuole.

In the intestinal mucosa, the area of mucin-derived vacuoles was measured using the same methods as used for lipid-derived vacuoles of the hepatocytes. Nonspecific objects in the outside region and internal space of the intestinal mucosa were excluded by setting the area of interest (AOI) of the outline of the mucosa and the size condition to 1--1,000 μm^2^. The results were consistent with the observations of the pathologist ([Fig. 2D](#fig_002){ref-type="fig"}).

A vacuole derived from a phospholipid was observed in the case of drug-induced phospholipidosis. Unlike lipid-derived vacuoles, phospholipid-derived vacuoles are smaller and have a circular form and an unclear unstained region. The size of phospholipid-derived vacuoles was measured using an area of 1--40 μm^2^ as the criterion. The size of each droplet could be partially measured (data not shown). We could not distinguish between phospholipid-derived vacuoles and small lipid-derived vacuoles in the case of pathological conditions in the hepatocyte that typically accompanied microvesicular steatosis or in the case of the adrenal cortex with lipid droplets containing cholesterol.

We attempted to recognize and quantify a drug-induced vacuole in the renal tubules using an area of 1--1,000 μm^2^ as the criterion, but it was impossible to quantify only the vacuole specifically due to many unstained regions, including the renal tubular lumen, vessel lumen, and intercellular spaces. The kidney has many complex components, including the proximal tubule, distal tubule, renal pelvis, and glomerulus, and these regions are difficult to distinguish clearly. At present, the vacuole in each region cannot be precisely quantified.

The histopathological characterization of infiltrating cells is basophilic and granular. In this experiment, using Image-Pro Plus, lymphocytes with mononuclear were analyzed quantitatively as inflammatory infiltrating cells in JPEG images of a 4 mm^2^ area extracted at 5 points from whole slide images of the liver. The nucleolus and contour of the nucleus of a hepatocyte were similar in form to a lymphocyte. These objects were impossible to distinguish by only setting the color and shape. By adding measurement conditions with fill holes, the area inside the contour of the nucleus was filled, and the nucleus was recognized as one object. Since the size of hepatocellular nucleus is larger than that of a lymphocyte, it was excluded by setting the size condition to 5--45 μm^2^. As a result, infiltrating cells could be analyzed quantitatively, and the results were consistent with the observations of the pathologist ([Fig. 3B](#fig_003){ref-type="fig"}Fig. 3.Analysis of infiltrating cells (lymphocytes) using Image-Pro Plus. (A) Left image: original image of tissue specimen. Right image: analyzed image of infiltration cells. Green-colored objects were infiltrating cells, which were recognized using a size limitation of 5--45 μm^2^. The area of infiltrating cells was measured. Light blue-colored objects represent nuclei. By adding measurement conditions with fill holes, area inside the contour of a nucleus was filled, and the nucleus was recognized as one object, whose size was larger than 45 μm^2^. Clustered infiltrating cells (red arrows) had sizes larger than 45 μm^2^, so they were not recognized as infiltrating cells in this experiment. Bar = 20 μm. (B) Total area of infiltrating cells in the liver tissue with various grades of inflammatory cell infiltration. For analysis, JPEG images of 4 mm^2^ areas at 5 points were extracted from the whole slide image. (C) Representative images of various grades (left, center, and right images: normal, −; slight, +; and moderate, ++, respectively) of cell infiltration. Bar = 100 μm.). However, using this size condition, clustered infiltrating cells could not be recognized, since the size of a cluster of lymphocytes is larger than 45 μm^2^. If there are many clustered infiltrating cells, the setting conditions must be changed. If neutrophils with lobulated nuclei and lymphocytes with mononuclear cells are mixed, it may be possible to distinguish them by setting the condition for roundness. In all cases, it is best to stain densely with hematoxylin.

Adipocyte size could be quantitatively analyzed based upon a previous report^[@r13]^. Briefly, the image was converted by processing of an 8-bit gray scale and binarization. If needed, after manual adjustments with the erosion and paintbrush tools were performed, the adipocyte area was measured, with areas of less than 100 μm^2^ excluded from measurement. We previously reported the effect of drugs on adipocyte size using this method^[@r14],[@r15]^. In this experiment, we tried to avoid manual adjustments by utilizing the morphological filters equipped in Image-Pro Plus. In detail, the Well (7 × 7, pass 1, strength 10), Dilate (7 × 7 circle, pass 2), Close (7 × 7 circle, pass 1), and Pruning (threshold 50%) morphological filters were applied to the gray scale image ([Fig. 4A--4C](#fig_004){ref-type="fig"}Fig. 4.An efficient method for measurement of adipocyte size using Image-Pro Plus. (A) A gray scale image of adipocytes. Bar = 50 μm. (B) Morphological processing with the Well, Dilate, and Close filters was performed. The contours of the adipocytes were thickened, slightly broken lines were connected, and small regions that were not adipocytes were eliminated. (C) Morphological processing with the Pruning filter was performed to thin the thickened contours. These divided regions were defined as adipocytes. (D) Each area was measured, and the process was almost automatic using the macro tool.). The Dilate and Close morphological filters made it possible to thicken the contours of adipocytes, to connect slightly broken lines, and to eliminate small regions that were not adipocytes. Subsequently, the Pruning filter thinned the thickened contours of the adipocytes. Divided regions were defined as individual adipocytes, and their areas were measured ([Fig. 4D](#fig_004){ref-type="fig"}). Although this method was more efficient compared with the previously reported one, it was necessary to verify that the images subjected to morphological processing were not extremely different from the original images.

The mean linear intercept (MLI) in the lung is the mean distance between the alveolar walls, and it is an indicator of alveolar space. The MLI is calculated from the number of intersections between a straight line and the alveolar walls in a pathological tissue image^[@r16]^. The value of the MLI was analyzed easily and efficiently by using Image-Pro Plus. Specifically, the binarized image was superimposed on an image masked with grid lines (Process-Grid mask: Objects, LineOrth) ([Fig. 5A](#fig_005){ref-type="fig"}Fig. 5.An efficient method for measurement of the MLI in the lung using Image-Pro Plus. (A) The lung tissue image was superimposed on grid lines (horizontal lines). The number of intersections (green points) between the alveolar walls and grid lines was measured almost automatically using the macro tool. The MLI was calculated from the ratio of the total length of the grid lines to the total number of intersections. Bar = 100 μm. (B) The MLI in the lung with various grades of alveolar space dilation. For analysis, each JPEG image of 0.63 mm^2^ areas extracted at 5 points from the left lobe and at 2 points each from the accessory, anterior, middle, and posterior lobe was analyzed. (C) Representative images of the various grades (left, center, and right images: normal, −; very slight, ± ; and slight, +, respectively) of alveolar space dilation. Bar = 200 μm.), and only the intersections of both images remained (Process-Operation: OR). The number of intersections was measured. The MLI can be calculated as the ratio of the total length of the grid lines to the total number of intersections. In this experiment, each JPEG image of 0.63 mm^2^ areas extracted at 5 points from the left lobe and at each 2 points each from other lobes was analyzed. As a result, the MLI was larger in a lung exposed to cigarette smoke compared with a normal lung ([Fig. 5B](#fig_005){ref-type="fig"}).

We attempted to recognize a region of degeneration/necrosis in hepatocytes using Image-Pro Plus. Degeneration/necrosis of a hepatocyte has certain features, including an eosinophilic cytoplasm and an atrophied nucleus, but there are many regions with colors similar to those of a normal hepatocyte. In the present study, we were not able to automatically recognize a region of degeneration/necrosis. To quantify degeneration/necrosis using Image-Pro Plus, the AOI must be traced manually.

The convenience of automated quantification of a pathological tissue image is currently under discussion^[@r5],[@r17],[@r18]^. A means of automated clinical diagnosis of cancer has been developed^[@r19],[@r20]^. To date, there is no tool that can comprehensively analyze various types of pathological findings. Pathological tissues are very complex, and pathological changes have many variations in each organ. It may not be feasible to establish a general system that can automatically and quantitatively analyze the pathological changes of all tissue specimens.

In this report, we introduced several concrete examples of the quantitative analysis methods for pathological tissue findings examined using Tissue Studio and Image-Pro Plus as the image processing software. The demonstrated methods were just one example. The degree of pathological changes differs depending on the experiment, and morphologically similar findings of interest may occur in other experiments. Eventually, it will be necessary to set conditions appropriate for recognition and quantification of findings, but this study was designed as a starting point for future quantitative analysis. The establishment of a universal and efficient system for the recognition and quantification of histopathological changes will accelerate the creation of new drugs and serve as a potent support tool for pathologists.

The authors thank Satomi Nishikawa,Yuko Ono, Yuichi Murakami, Mao Mizukawa, Atsushi Fukunari, and Hiroyuki Utsumi for supporting the present study and helpful discussions.

**Disclosure of Potential Conflict of Interest**All authors are employees of Mitsubishi Tanabe Pharma Corporation. The authors declare that they have no conflict of interest.
